A study of generation of converging strong shock wave using microsecond underwater electrical explosion of spherical Cu-wire array is presented. Hydrodynamic simulations coupled with the equation of state for Cu and water, deposited energy, and the magnetic pressure were used to calculate the water parameters in the vicinity of the implosion origin. The results of simulations agree with the shock wave time-of-flight and energy delivered to the water flow and show that in the vicinity (diameter of $12 lm) of an implosion one can expect water pressure of $6 TPa, temperature of $17 eV, and compression of $8. 10, 11 showed that underwater electrical explosion of a wire array can be used as an alternative method to generate warm dense matter with 2 Â 10 12 Pa, using generators with moderate (several kJ) stored energy. This method is based on the implosion of the converging strong shock wave (SSW) generated by the underwater electrical explosion of either cylindrical or spherical wire arrays. Assuming uniformity of the converging SSW and based on one-dimensional hydrodynamic (1D-HD) simulations, coupled with the equation of state (EOS) of water, the experimentally measured time-of-flight (TOF) of the SSW, and the energy deposited into the water flow, in the case of cylindrical wire arrays explosions 11-14 the values of pressure, temperature, and density of water in the vicinity of the implosion axis (r ¼ 2.5 lm) were estimated as 540 GPa, 3 eV, and 4.2 g/cm 3 , respectively. A significant increase in the parameters of water was achieved in experiments with a sub-microsecond (sub-ls) timescale explosion of a spherical wire array. 15 In this research, the experimental and numerical simulation results indicate that the convergence of the spherical SSW leads to the formation of an extreme state of water in the vicinity (r ¼ 5 lm) of the implosion origin that is characterized by pressure, temperature, and density of 2000 GPa, 8 eV, and 7 g/cm 3 , respectively. In this letter, we present the experimental results of underwater electrical explosion of a spherical wire array using a rather simple microsecond (ls) timescale ($1.1 ls) generator 11 and a comparison of these results with those obtained in a study that was similar but in which a sub-ls ($350 ns) timescale high-current generator was used.
The subject of warm dense matter attracts continuous research attention due to the interesting physical phenomena involved and important technical applications. [1] [2] [3] Several approaches that require stored energy in the range of 10 5 -10
9 J, such as multi-stage light gas guns, 4 Z-pinch, 5 powerful lasers, 6, 7 and intense heavy ion beams, 8 are used to generate this state of matter, 9 which is characterized by a pressure !10 11 Pa. Recent research 10, 11 showed that underwater electrical explosion of a wire array can be used as an alternative method to generate warm dense matter with 2 Â 10 12 Pa, using generators with moderate (several kJ) stored energy. This method is based on the implosion of the converging strong shock wave (SSW) generated by the underwater electrical explosion of either cylindrical or spherical wire arrays. Assuming uniformity of the converging SSW and based on one-dimensional hydrodynamic (1D-HD) simulations, coupled with the equation of state (EOS) of water, the experimentally measured time-of-flight (TOF) of the SSW, and the energy deposited into the water flow, in the case of cylindrical wire arrays explosions [11] [12] [13] [14] the values of pressure, temperature, and density of water in the vicinity of the implosion axis (r ¼ 2.5 lm) were estimated as 540 GPa, 3 eV, and 4.2 g/cm 3 , respectively. A significant increase in the parameters of water was achieved in experiments with a sub-microsecond (sub-ls) timescale explosion of a spherical wire array. 15 In this research, the experimental and numerical simulation results indicate that the convergence of the spherical SSW leads to the formation of an extreme state of water in the vicinity (r ¼ 5 lm) of the implosion origin that is characterized by pressure, temperature, and density of 2000 GPa, 8 eV, and 7 g/cm 3 , respectively. In this letter, we present the experimental results of underwater electrical explosion of a spherical wire array using a rather simple microsecond (ls) timescale ($1.1 ls) generator 11 and a comparison of these results with those obtained in a study that was similar but in which a sub-ls ($350 ns) timescale high-current generator was used. 15 When a ls timescale generator is used, one can expect that the SSW generated by the explosion of the wire array will propagate for a longer distance under the applied external forces caused by the explosion. The latter could lead to a larger energy being delivered to the vicinity of the implosion origin, due to the smaller energy losses of the SSW during its implosion. 16 The experimental setup is shown in Fig. 1 . A highcurrent generator 11 with stored energy of $3.6 kJ generates a current pulse with an amplitude of $300 kA and rise time of $1.1 ls, which is applied to the spherical Cu wire array. 15 The explosion of the wires is accompanied by the generation of shock waves whose overlapping results in the formation of a converging SSW. In the experiments, various diameters (20 mm, 30 mm, 40 mm) of the wire array and various numbers (20-40) and diameters (100-160 lm) of the Cu wires were tested to achieve aperiodic electrical discharge when almost all (up to 80%) of the initially stored energy is deposited to the wire array within $600 ns.
The discharged voltage and current, measured by the voltage divider and Rogowski coil, respectively, were used to calculate the energy deposition rate, P ¼ I Â V r , into the exploding wires (see Fig. 2 ). As in the experiments described in Ref. 15 , to measure the TOF of the converging SSW, a 1-mm in diameter optical fiber was placed along the equatorial diameter of the spherical wire array. This fiber was destroyed by the converging SSW when the latter approached the vicinity of the implosion origin. The damage to the fiber occurred exactly in the center of the sphere. 15 The destruction of the fiber results in a strong light emission appearing, which was measured by a R7400U-04 photomultiplier tube (see Fig. 3 ). Depending on the wire array diameter, the time of the SSW's arrival at the origin of the implosion was different. Namely, when 20-mm, 30-mm, and 40-mm diameter arrays were used, these times were 4 6 0.2 ls, 6 6 0.2 ls, and 9.3 6 0.2 ls with respect to the beginning (t ¼ 0) of the discharge current. For each wire array diameter, at least six explosions were conducted to estimate the error bars of the TOF data. The generation of the SSW starts at t % 1 ls when the wire explosion begins, with a corresponding fast radial expansion of the wires.
Here let us note that the obtained data showed a smaller TOF (by several hundreds of ns with respect to time when the maximum power is obtained) of the SSW than that obtained in sub-ls experiments 15 carried out using identical wire arrays, but almost two times more initially stored energy. The latter strongly indicates a faster SSW propagation and, respectively, a larger pressure, density, and temperature, which one might expect in the vicinity of the implosion origin.
Our first attempts to calculate the parameters of the water in the vicinity of the origin, assuming uniformity of the converging SSW and using simplified 1D HD simulation 15 coupled with EOS for water, failed. This happened because these calculations required the energy deposited into the wire array to be $4 times larger than the initially stored energy in order to satisfy the experimentally measured TOF data. Thus, to explain the fast TOF data and to avoid contradiction with the deposited energy, it was decided to consider the acceleration of the wires and, respectively, the water layer adjusting to wires, by taking into account the selfmagnetic field gradient of the discharge current. Indeed, in the case of a ls timescale current pulse, this force could be non-negligible as compared with that in a sub-ls timescale wire array explosion. Therefore, modifications were made for numerical simulations which should consider this effect.
In order to calculate the parameters of the water in the vicinity of the implosion, one can use a simple piston model, described in Ref. 13 , where the total energy deposited into the water flow was supposed to be equal to the work of the piston. The temporal evolution of the piston's velocity is described as v ¼ aðt À t 0 Þðt À t f Þ; where t 0 is the time of the beginning of the wire explosion, t f is the time when $70% of the initially stored energy was delivered to the exploding wires, and a is the parameter that was adjusted to achieve correspondence with the TOF data and the energy delivered to the water flow by the piston, which should be 12% of the total energy delivered to the exploding wires. 17 In the case of the magnetic pressure, transferring momentum to the piston, the time t 0 becomes significantly smaller because magnetic force acts on the wires also prior to the beginning of wires explosion. The smaller is the radius of the wire array, the larger is the magnetic pressure. Therefore, for a smaller wire array one has to decrease the value of t 0 in order to obtain matching between the magnetic energy deposition and the work done by the piston. Simulations showed that the typical value of the efficiency of the magnetic energy transfer to the water flow is 40% of the total (x m % 350 J) magnetic energy. This relatively poor efficiency can be related to the finite transparency of the wire array and friction, which were not taken into account in these simplified simulations. Using this model, water parameters in the vicinity of the implosion origin were calculated for different diameters of the wire arrays (see Table I ). One can see that the smaller is the wire array diameter, the larger are the values of pressure, temperature, and water compression. Namely, in the case of a 20-mm diameter wire array one can expect a water volume with a diameter of $12 lm with pressure, temperature, and compression up to 6.6 TPa, 17 eV, and 9, respectively, when the SSW is reflected from the origin of its implosion.
In addition, other 1D HD simulations 15 were carried out in order to draw a comparison with the results of the piston model. In these simulations, the SSW generation and propagation velocity were governed not by a converging piston with a defined time-dependent velocity but by the self-consistent expansion of a 1D cylindrical "Cu layer" having the same total mass as the exploded wires into which the electrical energy was deposited. The entire simulated volume was divided into the exploding "Cu layer" and water layers inside and outside the "Cu layer." The deposition of the energy into the "Cu layer" was calculated using the obtained resistive voltage and discharge current. These 1D HD simulations were coupled with the SESAME database of EOS 18 for Cu and water and were modified to take into account the energy delivered to this "Cu layer" by the magnetic field pressure. Parameters of the water in the vicinity of the implosion origin obtained using these simulations were in satisfactory agreement (10% 6 2%) with the results of the piston model. Let us note that the results of both the models were checked for the energy being transferred to the water flow to be 12% 6 1% of the energy deposited into the exploding wire. 17 In Ref. 15 , a similar research study is reported using a sub-ls timescale generator with almost twice the stored energy of $6 kJ. In this publication, the water parameters (pressure, temperature, and density) were presented for a sphere with a radius of 3 lm. To compare these results with the results of the present study, one can calculate the pressure using self-similarity analysis 10 for the spherical case Pðr c Þ / E w r 0 À1:67 r c À1:33 . For example, in Ref. 15 , for a 30 mm diameter wire array, the pressure reported was 4 TPa inside a sphere with radius of 3 lm; thus, Pðr c ¼ 6 lmÞ ¼ 1:6½TPa, which is noticeably smaller than the calculated pressure in the present experiment (2.1 6 0.2 TPa), in spite of the larger energy deposited into the wire array. In addition, in Fig. 4 one can see the time-dependent radial position of the pressure of !100 GPa at the SSW front for the present experiments and those described in Ref. 15 in the case of a 30-mm diameter wire array explosion. One can see that in ls timescale experiments the duration and radius where this pressure exists in water increases $1.5 times.
Thus, the results of the present study confirmed one of the main conclusions of simulations. 16 Namely, despite a smaller energy being deposited into the wire array, one can obtain larger pressure in the vicinity of SSW implosion if a proper adjustment between the SSW TOF and energy deposition rate is achieved. To conclude, the ls timescale underwater electrical explosion of a spherical wire array using a generator with stored energy of only $3.6 kJ showed parameters of the extreme state of water in the vicinity of the implosion origin that were superior to those obtained in sub-ls time scale experiments, due to the additional input of magnetic gradient force. Using 1D HD numerical calculation, the extreme state of water in a sphere with diameter of $12 lm can be characterized by pressure, temperature, and compression of 6 TPa, 17 eV, and 8, respectively. TABLE I. P 1 , T 1 , and d 1 are the pressure, temperature, and compression factor of water, respectively, when the SSW front approaches a radius of 6 lm. P m , T m , and d m are the pressure, temperature, and compression, respectively, at the moment when the converging SSW is reflected from the origin and approaches a radius of 6 lm. 4 . Time evolution of the radial position of a 100 GPa pressure in water generated by (1) ls timescale and (2) sub-ls timescale underwater electrical explosions of a 30-mm Cu wire array, with respect to the first moment when the pressure at the front of the SSW becomes !100 GPa.
